In the last 20 years, requirements for x-ray lithography, space technology and ICF process diagnosis, the xray imaging technology has been developed. However, xray imaging turns out to be more difficult due to intense absorption of x-rays, and the refractive index of x band is slightly less than 1. Normal imaging method may not be suitable for x-ray band. At present, grazing reflective imaging and coded aperture imaging are commonly used for this band. This paper presents a detailed analysis of the imaging characteristics of single-mirror and doublemirror. Then the focal distance, field obliquity and aperture position of the mirrors of the KBA microscopes at grazing incidence are studied. The results show that the structure arrangement of the KBA microscope is rather reasonable, and can be considered as theoretical evidence in the design and manufacture of KBA microscopes.
Introduction
Since the refractive index of a medium to x-ray is less than 1 and the intense medium absorption, the x-ray imaging becomes difficult. Normal imaging methods are not suitable for the x-ray band. Mostly used technologies use the grazing incidence imaging and the coded aperture imaging [1] [2] [3] [4] methods. In 1922, Compton discovered total external reflection phenomenon of x-rays when reflected from a pol-*Corresponding Author: Zhao Lingling: School of Information and Electrical Engineering Ludong University, Yantai, Shandong 264025, China; Email: Zll765200@163.com Jon Knepper: Institute of Engineering, Rensselaer Polytechnic Institute, Troy, New York, 12180, United States of America ished surface at gazing incidence [5] , which laid the basis for x-ray grazing imaging.
In 1948, Kirkpatrick and Baez proposed a method eliminating astigmatism involving a single concave mirror at grazing incidence [6] . In this method, two spherical or cylindrical mirrors are placed orthogonally, which is also known as the KB microscope. Although astigmatism is eliminated, severe field obliquity and geometric aberrations are introduced and spherical aberration is left uncorrected. With smaller grazing angle, the situation becomes more complicated. Therefore, the KB microscopes failed to draw much attention of scholars for a time.
Since 1990s, the requirements of x-ray photo lithography, space technology, high energy physics and ICF process diagnosis are on the increase, resulting in rapid development of x-ray imaging [7] [8] [9] [10] [11] [12] [13] . KB microscopes caught the attention of researchers again.
In 1997, R. Saunenf el al.in France developed a KBA xray microscope. The difference between the KBA and KB microscope is the employs a single-mirror while the KBA microscope uses a double-mirror system. The KBA microscope converges the beams on the same plane with two spherical mirrors arranged in "parallel" rows at a certain angle, which reduces the tilt of the image plane. Thus, the imaging quality of the off-axis points is proved, enlarging the range of the field. This paper analyzes the imaging characteristics of single-mirror and double-mirror microscopes at grazing incidence. Then the focal distance, field obliquity and aperture potion of the mirrors of KBA microscopes at grazing incidence are studied. The results show that the structure and arrangement of KBA microscope is rather reasonable and can be considered as the theoretical evidence in the design and manufacture of KBA microscopes. figure 1 ) [5, 6] .
Where, l, l ′ are the object distance OP and image distance PO ′ , respectively. θ is the grazing angle. M is the magnifying power. u ′ is the aperture angle. R is the curvature radius. Then the optimal resolution ϕ opt can be defined as:
Where, λ is the operation wavelength; l is the distance from the target to the first mirror, namely the working distance (Wd). Considering proper manufacturing and installation error, the value of κ can be reasonably determined as 5/2. As the quality of off-axis imaging always decreases with enlarging the field of view, the optimal resolution is only suitable for the points on axis. However, it indeed gives the optimal imaging quality formula for the single-mirror KB system, supposing the off-axis aberration is small. The resolution defined by this formula takes into account the joint effect of the diffraction and geometric dispersion. Therefore, the optimal resolution ϕ opt reflects the following relationship:
Namely, ϕ opt is proportional to (︀ lλ 2 /θ )︀ 1/3 . The singlemirror can be refined by increasing Wd and the grazing angle. The value of l is defined by this rule: the device should be free of the damage of the laser beams reaching the target sphere and the unvaporized fragments; θ is decided by the maximum grazing angle reflecting the x rays. Because the maximum grazing angle θmax is proportional to λ, and the angle could be at least three times larger or more larger for multilayer film surfaces, this formula is still suitable. Therefore, ϕ opt is proportional to
As it can be seen, the smaller the working distance is, the higher the energy of x rays will have, resulting in better imaging quality.
Although the above formula only describes the imaging situation of the single-mirror KB microscope, it can serve as a reference for the design of double-mirror systems.
Field obliquity
This section analyzes the imaging on the meridian plane of the single-mirror, as shown as figure 2. AB is a line on the meridian plane. O is the apex of the mirror. θ A and θ B are the grazing angle of beams AO and BO respectively. The included angle ∠AOB is denoted as ∆θ. A ′ and B ′ are the real image positions of A and B, respectively. P ′ is the image plane. Here, we regarded B ′′ , the projection of point
The meridian focal distance of the single-mirror at grazing incidence can be obtained by Young's formula, imaging from the narrow beam adjacent to the primary ray on the meridian plane. Young's formula within the meridian plane is:
Where, l and l ′ are the object distance and image distance of the meridian ray, respectively. θp, θ ′ p are the incidence angle and refraction angle of the primary ray, respectively. n and n ′ are the refractive indexes of the incidence and exit medium, respectively and r is the radius of curvature. When the target approaches to infinity, l → ∞. Assuming the incidence angle is θ, θ = 90 ∘ − θp, θ ′ p = θp and n ′ = −n = −1. The following equation can be obtained from formula (1):
As it can be seen, the meridian focal distance of the single-mirror at grazing incidence is a function of the incidence angle θ. According to the Gauss formula:
For point A and point B, the following equations are obtained.
are the meridian focal distances of the incidence angles θ A , θ B , respectively. For the case when ∆θ is very small, l A ∼ l B . In order to avoid severe plane obliquity, it is necessary to make l
As it can be seen from formula (5), f
B is necessary as well. As it can be known from formula (3)(r is large), the meridian focal distance is a function of the incidence angle θ for the single -mirror. As the meridian focal distance varies strongly with the variation of θ, the condition f
is not satisfied, resulting in serious image plane obliquity for the singlemirror. figure 3(a) ). As l ′ B varies more slightly in the case of ∆θ > 0 compared to ∆θ < 0, the field obliquity will be less (see figure 3(b) ).
Imaging characteristics of double-mirror 2.2.1 Field obliquity
The KBA microscopes mainly converge light beams onto the meridian plane of the double-mirror. The focal distance of the meridian plane is derived below.
The double-mirror is composed of two single-mirrors, shown as figure 4. For the double-mirror with included angle η, we can derive the focal distance at grazing angle θ. The focal distance of the double-mirror can be obtained by
When r 1 = r 2 = r,
d is the center-to-center spacing of the two mirrors. η is the included angle of the two mirrors.
When θ, (η − θ) is a very small, sin θ = θ, sin(η − θ) = η − θ. The above formula becomes
As it can be seen from the above formula, for given η, the focal distance f ′ is a function of the incidence angle θ.
Differentiating both sides of the above formula, it yields
When θ = 
In reverse, when the incidence angles on the pseudoaxis are known, the included angles of the double-mirror can be calculated. Namely, η = 2θ. In this way, the image planes of the points on the axis will not slant. But for the points off axis, the incidence angle θ has been changed while η remains unchanged, so η ≠ 2θ, df ′ dθ ≠ 0. Thus, the focal distance varies with θ, resulting in image plane obliquity.
Next, Matlab was adopted to simulate the effects of incidence angle θ and included angle ηon the focal distance of the double-mirror. The focal distance can be calculated according to formula (9) . The radius r is 29000 mm in this case. For double-mirrors with different included angles (η), we plot the curves of the focal distance with respect to the incidence angle θ, shown as figure 5(a), (b) and (c). respectively. Figure (d) shows the curve of the focal distance of one mirror composed of the double-mirror varying with θ. As it can be seen from figure (a), (b) and (c), when the included angle of the double-mirror changes, the focal distance of the double-mirror will change. For different η, the extreme value is when θ = η 2 . Moreover, compared to the focal distance of the single-mirror ( figure 4(d) ), the focal distance of the double-mirror varies in a smaller range with θ. As it can be known from formula (5), the reduction of f ′ A , f ′ B reflects image obliquity will decrease by using the double-mirror structure. According to the imaging characteristics of the single-mirror, the imaging quality will be better with bigger incidence angle. And for the doublemirror system, the difference of the incidence angles on the two mirrors should be possibly smaller, namely approaching to η 2 .
Determination of the position of the aperture
The use of aperture can decrease the aberration of the offaxis beams and improve the spatial resolution. For the limitation of space, the aperture of the KBA microscope can only be placed on the mirrors. For the double-mirror system, the aperture can be placed either at the first mirror or the second mirror.
To disclose the effect of the aperture on imaging quality, a double-mirror system ( Figure 5 ) was constructed with the following parameters: object distance = −220 mm, image distance = 1, 856 mm, solid angle 4 × 10 −6 sr; centreto-centre distance of the two mirrors = 27 mm, and incidence angle of each mirror = 1.6 ∘ . The approximate size of the mirror can be calculated on this basis (see figure 6 ). 
This is just the aprproximate size of the points on the axis. The practical calculation is more complicated. Therefore, considering the points off the pseudo-axis, the size of the first mirror is bigger than the calcualted result.
By calculation, when the aperture is at the first mirror, the length of the first mirror is 26.408 mm and the second is 41.060 mm. And when the aperture is at the second mirror, the length of the first mirror is 39.482 mm and the second is 27.066 mm. Therefore, the structure is more compact by placing the aperture on the second mirror compared to placing it on the first. One of the mirrors of the doublemirror system is relatively longer, so as not to lose the light beams in the whole field view, which is called as the field mirror and the other is the aperture mirror.
As it can be seen from figure 7, when the aperture is placed at the first mirror and the second respectively, the difference of blur is very small if the field view is positive otherwise the former has much bigger blur than the later. Figure 8 shows the field angles when placing the aperture at the first mirror and the second mirror. As it can be seen, the field angles present no big differences for both mirrors in the whole field. But when the aperture is placed at the first mirror, the field angles for both mirrors present greater variation compared to placing it at the second mirror. As it can be known from the above analysis, placing the aperture at the second mirror is a better solution compared to placing it on the second one. Therefore, the apertures of the meridian plane and the sagittal plane are separately placed in this system. Namely, the aperture of the meridian plane is placed at the second mirror and the aperture of the sagittal plane is placed at the forth mirror.
Conclusion
This paper compares the imaging characteristics of the single-mirror and double-mirror system at grazing incidence. Then the focal distance and filed obliquity of the KBA microscopes at grazing incidence are studied. The structure of the KBA microscopes are analyzed and proved to be reasonable. The results show when the incidence angle is half of the included angle of the double-mirror, the filed obliquity of the double-mirror is the least, and it is optimal to place the aperture at the second mirror rather than the first mirror from the perspective of imaging quality.
